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In the fasted state, induction of hepatic glucose output and fatty
acid oxidation is essential to sustain energetic balance. Production
and oxidation of glucose and fatty acids by the liver are controlled
through a complex network of transcriptional regulators. Among
them, the transcriptional coactivator PGC-1« plays an important
role in hepatic and systemic glucose and lipid metabolism. We have
previously demonstrated that sirtuin 1 (SIRT1) regulates genes
involved in gluconeogenesis through interaction and deacetyla-
tion of PGC-1a. Here, we show in vivo that hepatic SIRT1 is a factor
in systemic and hepatic glucose, lipid, and cholesterol homeostasis.
Knockdown of SIRT1 in liver caused mild hypoglycemia, increased
systemic glucose and insulin sensitivity, and decreased glucose
production. SIRT1 knockdown also decreased serum cholesterol
and increased hepatic free fatty acid and cholesterol content. These
metabolic phenotypes caused by SIRT1 knockdown tightly corre-
lated with decreased expression of gluconeogenic, fatty acid oxi-
dation and cholesterol degradation as well as efflux genes. Addi-
tionally, overexpression of SIRT1 reversed many of the changes
caused by SIRT1 knockdown and depended on the presence of
PGC-1a. Interestingly, most of the effects of SIRT1 were only
apparentin the fasted state. Our results indicate that hepatic SIRT1
is an important factor in the regulation of glucose and lipid
metabolism in response to nutrient deprivation. As these path-
ways are dysregulated in metabolic diseases, SIRT1 may be
a potential therapeutic target to control hyperglycemia and
hypercholesterolemia.
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In response to nutrient deprivation mammals trigger many
tissue-specific metabolic pathways to maintain organismal
survival. In particular, the liver functions as a major metabolic
buffering system that controls macro- and micronutrient ho-
meostasis, allowing other tissues to function normally under
physiological stresses (1-3). Among its many functions, produc-
tion of glucose by the liver is an essential process that contributes
to normalization of systemic glucose levels (4, 5), ensuring that
glucose-dependent tissues such as brain and red blood cells will
have access to an energy supply during periods of nutrient
deprivation. However, chronic elevation of hepatic glucose
production is also a key contributor in diabetes that exacerbates
hyperglycemia in both the fed and fasted states (6, 7). The
importance of hepatic glucose production is underscored by the
fact that current antidiabetic drugs such as metformin decrease
blood glucose levels through inhibition of gluconeogenesis in
liver (8, 9).

The liver also plays an important role in lipid homeostasis. In
the fasted state, oxidation of hepatic free fatty acids supplies
energy for glucose production (10). Dysregulation of hepatic
fatty acid B-oxidation and/or fatty acid synthesis enzymes leads
to hepatic steatosis or fatty liver (11). Moreover, cholesterol is
synthesized and degraded in the liver accordingly to the needs by
other tissues (12). Cyp7Al is the key rate-limiting enzyme
controlling cholesterol degradation through hepatic synthesis of
bile acids (13, 14). Efflux and influx through scavenge receptor
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B1 (SR-B1), low-density lipoprotein (LDL) receptor, and ABC
transporters also plays an important role in regulating choles-
terol levels (15-17).

The majority of rate-limiting enzymes in key pathways in-
volved in glucose and lipid homeostasis are controlled at the
transcriptional level (17). In the last several years, the peroxi-
some proliferator activated receptor coactivator (PGC)-1o/B
and liver X receptor (LXR)/sterol response element-binding
protein (SREBP) have been identified as key transcriptional
regulators of many metabolic enzymes and pathways (18-20).
The PGC-1a transcriptional network is the target of hormonal
and nutrient signals. Positively regulated by glucagon through
TORC2 and CREB activation, (21) and glucocorticoids.
PGC-1a function is negatively regulated by insulin, directly (22)
and through FOXO1 (23, 24). This regulation ultimately leads to
coordinated changes in the expression of glucose and lipid
metabolic genes (25). In the case of lipid metabolism, main
regulatory transcription factors include the SREBP family and
hormone nuclear receptors LXRs and peroxisome proliferator-
activated receptors (PPARs). These factors are also subject to
hormonal and nutrient regulation via insulin and cholesterol (12,
26, 27).

We have previously identified a nutrient regulation of glucose
homeostasis through the NAD*-dependent deacetylase sirtuin
1(SIRT1). Under low nutrient conditions, up-regulation of
SIRT1 promotes hepatic glucose production through interaction
and deacetylation of PGC-1a (28). Other groups have shown
that SIRT1 represses peroxisome proliferator-activated receptor
v (PPARY) function, increasing lipolysis in white adipose tissue
and insulin secretion in pancreatic B-cells (29-31). Interestingly,
a nutrient connection to SIRT1 has been previously established
in lower eukaryotes, including yeast (32), worms (33), and flies
(34). In these species, SIRT1 homologs were required to extend
life span in response to calorie restriction, although its impact on
metabolic pathways is unknown. A crucial unsolved question
from our previous studies was to what extent SIRT1 was required
to control hepatic glucose and lipid metabolic pathways and how
this affects systemic nutrient homeostasis in vivo. Here, we
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report that hepatic knockdown of SIRT1 results in mild hypo-
glycemia, increased glucose tolerance, insulin sensitivity, and
decreased hepatic glucose production. Furthermore, we found
accumulation of free fatty acids and cholesterol in hepatic tissue
as well as decreased serum cholesterol in SIRT1-deficient mice.
These effects correlate with changes in gene expression of
enzymes involved in gluconeogenesis, glycolysis, fatty acid oxi-
dation/synthesis, and cholesterol degradation and efflux path-
ways. Importantly, many of these changes were reversed by
hepatic overexpression of SIRT1 and were dependent on PGC-
la. Taken together our results implicate SIRT1 as an important
regulator of hepatic glucose and lipid homeostasis in response to
fasting.

Results

Impaired Glucose Homeostasis in Hepatic SIRT1 Knockdown Mice. Our
previous work demonstrated that SIRT1 was required to induce
gluconeogenic genes in response to a nutrient fasting signal in
cultured liver cells (28). We therefore initiated studies in mice to
further investigate the role of hepatic SIRT1 in systemic glucose
homeostasis. Tail vein injection of adenoviruses-expressing
SIRT1 small hairpin RNA (shRNA) resulted in a significant
knockdown of SIRT1 protein levels. Expression levels of other
proteins that physically and functionally interact with SIRT1
such as PGC-1a and FOXO1 were largely not affected [sup-
porting information (SI) Fig. 54]. Acetylation of PGC-1a was
decreased in the fasted state, and knockdown of SIRT1 was
sufficient to increase acetylation of endogenous PGC-1a in both
fed and fasted mice (SI Fig. 5B). Acetylation of FOXO1, another
SIRT1 target, also increased in response to SIRT1 knockdown
(SI Fig. 5E). Conversely, overexpression of SIRT1 decreased
PGC-1a acetylation (SI Fig. 5 C and D). Blood glucose levels
were modestly but consistently lower in SIRT1 shRNA-infected
mice compared with control shRNA mice, both in fed and fasted
states (Fig. 14). Hepatic knockdown of SIRT1 also lowered
glycemia in fasted diabetic db/db mice (Fig. 1B). To further
analyze whether hepatic SIRT1 plays a role in systemic glucose
and insulin sensitivity, we performed glucose (GTT) and insulin
(ITT) tolerance tests. Fig. 1C shows that in a GTT, mice infected
with SIRT1 shRNA adenoviruses displayed significantly lower
blood glucose concentrations. Consistent with these results,
insulin had a greater effect reducing blood glucose levels in an
ITT (Fig. 1D). To determine whether the reductions in blood
glucose levels observed in mice with hepatic SIRT1 knockdown
were due to a deficit in hepatic glucose production, we per-
formed a pyruvate tolerance test (PTT). As shown in Fig. 1E,
hepatic SIRT1 knockdown mice displayed lower blood glucose
concentrations at every time point after pyruvate administra-
tion. We next analyzed the effects of hepatic SIRT1 overexpres-
sion on glucose metabolism. SIRT1 overexpression caused mod-
erate hyperglycemia in short-term fasting (5 h) and a slight
hyperglycemic trend upon longer fasting (Fig. 1F). Mice with
hepatic SIRT1 overexpression were less glucose tolerant in a
GTT (Fig. 1G). However, in a PTT, SIRT1 overexpression did
not increase blood glucose levels (Fig. 1H). Taken together,
these data indicate that modulation of SIRT1 protein causes
changes in blood glucose levels that correlate with effects on
glucose and insulin sensitivity. Moreover, our data suggests that
these effects are likely due, at least in part, to effects on hepatic
glucose production.

Hepatic SIRT1 Controls Expression of Gluconeogenic and Glycolytic
Genes. Our previous work in cultured liver cells demonstrated
that nutrient signaling through pyruvate increases SIRT1 levels.
Furthermore, pyruvate treatment induced gluconeogenic genes
[phosphoenolpyruvate carboxylase kinase (Pepck) and glucose
6-phosphatase (G6Pase)] but repressed glycolytic genes [glu-
cokinase (GK) and liver pyruvate kinase (LPK)] in a SIRT1-
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Fig. 1. Hepatic SIRT1 controls glucose metabolism. (A) Fed and fasted blood
glucose levels of control and SIRT1 shRNA-infected mice. Data are presented
as the average = SEM of two independent experiments. Shown are control
shRNA-infected mice [fed (n = 12), 20-h fasted (n = 12)] and SIRT1 shRNA-
infected mice [fed (n = 13), 20-h fasted (n = 12)]. (B) Blood glucose levels from
db/db mice infected with control shRNA (n = 5) or SIRT1 shRNA (n = 5) during
feeding and during a short fast. (C) GTT. Control shRNA-infected (n = 5) and
SIRT1 shRNA-infected (n = 6) mice were fasted 5 h before i.p. injection of 2
g/kg dextrose. (D) ITT. Control shRNA-infected (n = 5) and SIRT1 shRNA-
infected (n = 5) mice were fasted 5 h before i.p. injection of 0.6 unit/kg insulin.
(E) PTT. Control shRNA-infected (n = 7) and SIRT1 shRNA-infected (n = 7) mice
were fasted 18 h before i.p. injection of 2 g/kg sodium pyruvate. (F) Blood
glucose levels from mice infected with GFP or SIRT1 overexpression adenovi-
rus. Feeding GFP and SIRT1 (n = 12), following a short 5-h fast (n = 6) or
following a 19-h fast (n = 12). (G) GTT from GFP-infected (n = 6) or SIRT1-
infected (n = 6) mice fasted for 5 h before injection of 2 g/kg dextrose. (H) PTT
from GFP-infected (n = 6) and SIRT1-infected (n = 6) mice fasted for 18 h
before injection with 2 g/kg pyruvate. All tolerance tests were performed in at
least two independent experiments with similar results. Data are presented as
the average = SEM. Significance was determined by Student’s t test. *, P <
0.05; **, P < 0.01.

dependent manner (28). As shown in Fig. 24, infection with
SIRT1 shRNA resulted in reduced expression of the gluconeo-
genic G6Pase and Pepck under fasting conditions. Interestingly,
no changes in the expression of these genes were observed in the
fed state. In contrast, SIRT1 knockdown increased glycolytic GK
gene expression upon fasting, but no changes were detected in
LPK gene expression (Fig. 24). Under fasting conditions, he-
patic overexpression of SIRT1 further caused an increase in
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Fig. 2. Hepatic SIRT1 regulates genes involved in gluconeogenesis. (A)

Quantitative RT-PCR analysis of expression of genes involved in liver glucose
metabolism from mice in the fed state infected with control shRNA (n = 5) or
SIRT1 shRNA (n = 6) or mice infected with control shRNA (n = 5) and SIRT1
shRNA (n = 5) and fasted for 20 h. (B) Fed, GFP (n = 6) or SIRT1 (n = 6); fasted
for 19 h, GFP (n = 6) or SIRT1 (n = 6). (C) Double infection of GFP or SIRT1
overexpression and Control or PGC-1a shRNA (each bar, n = 9) following a
20-h fast. (D) PTT, PGC-1a overexpression, and SIRT1 knockdown. GFP +
control shRNA-infected mice (n = 4), PGC-1a + control shRNA-infected mice
(n = 4), and PGC-1a + SIRT1 shRNA-infected mice (n = 4) were fasted 18 h
before i.p. injection of 2 g/kg sodium pyruvate. Significance indicated is
between PGC-1a + control shRNA and PGC-1a + SIRT1shRNA. (E) Quantitative
RT-PCR analysis of gene expression of mice infected with GFP, PGC-1« over-
expression, or R13 adenovirus fasted for 22 h (each bar, n = 4) or fasted for 22 h
and refed overnight (16 h) (each bar, n = 5). All data are presented as the
average *= SEM. Gene expression was normalized to 36b4 expression. Signif-
icance was determined by Student’s t test. GFP/control shRNA vs. SIRT1/SIRT1
shRNA: *, P < 0.05; **, P < 0.01. Control shRNA vs. PGC-1a shRNA: #, P < 0.05;
##, P < 0.01.

Go6Pase and Pepck mRNA levels but did not significantly change
glycolytic gene expression (Fig. 2B). These results indicate that
hepatic SIRT1 functions in the regulation of gluconeogenic gene
expression. Notably, in both knockdown and overexpression
studies, it is the regulation in response to fasting that is affected
by SIRT1.

We next investigated whether PGC-1a was required for the
effects of SIRT1 on glucose metabolism. We used a combination
of adenovirus to simultaneously overexpress SIRT1 and knock-
down PGC-1a (PGC-1a shRNA) (SI Fig. 64). Consistent with
previous reports (35, 36), knockdown of PGC-la resulted in
decreased expression of gluconeogenic genes (Fig. 2C) and
reduced glycemia (SI Fig. 6B). Interestingly, knockdown of
PGC-1a also blocked the induction of gluconeogenic genes (Fig.
2C), and the reduced glucose tolerance caused by SIRT1 over-
expression (SI Fig. 6C), suggesting that SIRT1 requires PGC-1«
for its regulation of hepatic glucose metabolism.

SIRT1 Controls PGC-1a-Dependent Increase of Hepatic Glucose Pro-

duction. Because ectopic PGC-1a expression is sufficient to
induce hepatic glucose production, we next tested whether these
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effects require SIRT1. To do this, we infected mice with a
combination of adenoviruses, resulting in PGC-1a overexpres-
sion and SIRT1 knockdown (SI Fig. 74). As expected, overex-
pression of PGC-1a in the liver resulted in increased blood
glucose levels in a PTT. Hepatic knockdown of SIRT1 signifi-
cantly reduced this increase by PGC-1a (Fig. 2D). Moreover,
PGC-1a-induced Pepck gene expression was also reduced by
SIRT1 shRNA (SI Fig. 7B) despite a large induction of PGC-1«
protein (SI Fig. 74). Together, these results suggest that SIRT1
is required, at least in part, for PGC-la-dependent hepatic
glucose production.

To determine whether acetylation of PGC-1a regulates its
activity in vivo, we used a mutant PGC-1a construct in which 13
lysines have been mutated to arginine-R13 (SI Fig. 7D). This
mutant is no longer acetylated when cells are treated with
nicotinamide (28). As expected, PGC-1a overexpression caused
mild hyperglycemia. Interestingly, the R13 mutant caused a
larger increase in blood glucose levels compared with control
and wild-type PGC-1a. This effect was particularly pronounced
in the short-term fasting condition (SI Fig. 7E). We also ob-
served that R13 was more transcriptionally active, inducing
gluconeogenic genes, particularly in the refed situation (Fig.
2F). These data provide evidence that PGC-1a activity is, in
part, regulated by SIRT1 and acetylation in vivo.

Defects in Fatty Acid and Cholesterol Metabolism in Mice with Altered
Hepatic SIRT1 Expression. In addition to glucose metabolism, the
liver has key roles in lipid homeostasis. We therefore investigated
whether SIRT1 plays a role in hepatic lipid metabolism. SIRT1
knockdown or overexpression did not significantly alter serum
triglyceride and free fatty acid levels (SI Fig. 8). However, SIRT1
knockdown very strongly increased intracellular hepatic free
fatty acids (Fig. 34) while having no effect on liver triglycerides
(SI Fig. 84). We also observed that SIRT1 had very pronounced
effects on systemic and hepatic cholesterol. Hepatic knockdown
of SIRT1 resulted in reduced systemic levels of total cholesterol
in the fed and fasted state (Fig. 34). Interestingly, SIRT1
overexpression reversed this effect, increasing systemic choles-
terol most significantly in the fasted state (Fig. 3 B and C). In the
fasted state, knockdown of SIRT1 also caused a significant
accumulation of hepatic cholesterol (Fig. 34) and overexpres-
sion modestly but significantly depleted liver cholesterol (Fig. 3
B and C). Knockdown of SIRT1 in db/db mice had a similar effect
on systemic and hepatic lipid levels (SI Fig. 9). Interestingly, we
note that unlike the effects on glucose metabolism, SIRT1
regulated cholesterol levels independently of PGC-1a. SIRT1
increased systemic cholesterol and decreased hepatic cholesterol
just as potently when PGC-1a levels were reduced by shRNA
(Fig. 30).

Hepatic SIRT1 Controls Gene Expression of Enzymes Involved in
Triglyceride, Fatty Acid, and Cholesterol Metabolic Pathways. The
accumulation of liver free fatty acids by SIRT1 knockdown
prompted us to analyze the gene expression of enzymes involved
in fatty acids and triglyceride metabolism. As expected, fasting
induced gene expression of fatty acid oxidation enzymes medium
chain acyl-CoA deyhydrogenase (MCAD) and carnitine palmi-
toyltransferase-1a (CPT-1a) (Fig. 44). Notably, mice with he-
patic SIRT1 knockdown displayed lower expression of these
enzymes compared with control mice. In both cases, the fasting
induction was largely reduced by SIRT1 knockdown. Other
genes involved in fatty acid and mitochondrial oxidation such as
cytochrome ¢ (Cyto-C) and L-FABP (data not shown) remained
unchanged. In contrast, SIRT1 knockdown induced the expres-
sion of FAS, a key lipogenic gene in the fasted state (Fig. 44).
Expression of the transcription factor SREBP-1¢/ADD1, a con-
troller of lipogenic gene expression (12), followed a similar
pattern to that of its target gene, FAS. Again, the fasting
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Hepatic SIRT1 controls systemic and hepatic cholesterol and fatty acid homeostasis. (A) Liver free fatty acids (nonesterified fatty acids), serum total

cholesterol, and liver cholesterol from control shRNA-infected fed (n = 5) and 20-h fasted (n = 5) mice and SIRT1 shRNA-infected fed (n = 6) and fasted (n = 5)
mice. (B) Fed, GFP (n = 6) and SIRT1 (n = 6); 19-h fasted, GFP (n = 10) and SIRT1 (n = 10). (C) GFP or SIRT1 overexpression and control or PGC-1a shRNA
double-infected mice (each bar, n = 5) following a 20-h fast. Liver measurements were normalized to protein content. Similar results for all measurements have
been observed in at least two independent experiments. All data are presented as the average * SEM. Significance was determined by Student’s t test.
GFP/control shRNA vs. SIRT1/SIRT1 shRNA: *, P < 0.05; **, P < 0.01. Control shRNA vs. PGC-1a shRNA: #, P < 0.05.

response, repression of these lipogenic genes, was impaired by
SIRT1 knockdown. Because SIRT1 knockdown caused an ac-
cumulation of hepatic free fatty acids but no change in triglyc-
erides, we analyzed expression of enzymes involved in triglyc-
eride synthesis. Expression of DGAT2, an enzyme involved in
fatty acid esterification to glycerol, was markedly reduced in
SIRT1 knockdown mice (Fig. 44). These results suggest that the
accumulation of hepatic free fatty acids caused by SIRTI1
knockdown could be due to changes in gene expression of
enzymes involved in fatty acid oxidation and fatty acid and
triglyceride synthesis. Although SIRT1 overexpression did not
alter levels of liver free fatty acids (Fig. 3 B and C), it partially
reversed the effect of SIRT1 knockdown, inducing MCAD,
CPT-1a, and DGAT?2 expression in the fasted state (Fig. 4B).
This response depended on PGC-1a, as knockdown of PGC-1a
blocked the SIRT1 induction of these genes in the fasted state
(Fig. 40).

Because hepatic SIRT1 knockdown caused accumulation of
total cholesterol in liver (Fig. 34) and SIRT1 overexpression
reduced liver cholesterol (Fig. 3B), we analyzed gene expression
of enzymes involved in cholesterol transport, synthesis, and
degradation. Hepatic gene expression of HMG-CoA reductase,
a rate-limiting enzyme in cholesterol synthesis, was not altered
by SIRT1 knockdown or overexpression (data not shown).
However, SIRT1 did regulate several genes involved in choles-
terol transport and degradation. Hepatic cholesterol levels are
also tightly regulated by efflux-mediating cell membrane ATP
binding cassette (ABC) transporters ABCA1 and ABCG1 as
well as SR-B1. Hepatic expression of ABCA1 and SR-B1 was
down-regulated by SIRT1 shRNA (Fig. 4D). Conversely, SIRT1
overexpression resulted in a fasting induction of SR-B1 and a
trend toward induction of ABCAI, although not statistically
significant (Fig. 4E). Another route for cholesterol import into
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hepatocytes is transport through the LDL receptor (LDLr) (17).
Consistent with an increase in hepatic cholesterol levels, SIRT1
knockdown resulted in a fasting induction of LDLr gene expres-
sion (Fig. 4D). Bile acid synthesis from cholesterol is yet another
pathway involved in cholesterol clearance and catabolism (37).
A rate-limiting enzyme involved in bile acid synthesis, Cyp7Al,
was decreased in fasted livers of SIRT1 shRNA mice (Fig. 4D)
and induced by SIRT1 overexpression in the fasted state (Fig.
4E). The decreased expression of genes acting in cholesterol
efflux and degradation is consistent with the accumulation of
hepatic cholesterol in SIRT1 knockdown livers. SIRT1 overex-
pression in the fasted state caused an induction of the efflux and
degradation pathways resulting in decreased in hepatic choles-
terol content.

We also analyzed expression of two important transcriptional
regulators of cholesterol transport and metabolism: LXRa and
PGC-1B (19, 38). SIRT1 knockdown caused a slight yet highly
significant decrease in LXRa expression in both fed and fasted
livers. However, SIRT1 knockdown decreased expression of
PGC-1B only the fasted state (Fig. 4D). These data suggest that
the effects of SIRT1 knockdown on serum and hepatic choles-
terol may be mediated through down regulation of LXRa« and
PGC-18 mRNA. However, SIRT1 overexpression was not ca-
pable of reversing these effects on PGC-18 and LXRa gene
expression (Fig. 4E). Finally, we tested whether the effects of
SIRT1 on cholesterol metabolism genes required PGC-1a. In
contrast to the effects of SIRT1 on cholesterol levels, which were
independent of PGC-la (Fig. 3C), the SIRT1-mediated in-
creases in SR-B1 and Cyp7al were totally dependent on PGC-1a
(Fig. 4F). These data indicate that expression of SR-B1 and
Cyp7A1 is not essential for changes in cholesterol levels. Al-
though it is not clear exactly which genes mediate the effects of
SIRT1 on cholesterol levels, compensatory effects such as a
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Fig.4. SIRT1 controls hepatic expression of genes involved in lipid metabolism.
Quantitative RT-PCR was used to analyze genes involved in fatty acid and cho-
lesterol metabolism. (A and D) Fed, control shRNA (n = 5) or SIRT1 shRNA (n = 6);
fasted for 20 h, control shRNA (n = 5) and SIRT1 shRNA (n = 5). (B and E) Fed, GFP
(n =6)orSIRT1 (n = 6); fasted for 19 h, GFP (n = 6) or SIRT1 (n = 6). (Cand F) Double
infection with GFP or SIRT1 overexpression and control or PGC-1a ShRNA (each
bar, n = 9) following a 20-h fast. All data are presented as the average = SEM
normalized to 36b4 expression. Significance was determined by Student’s t test.
GFP/control shRNA vs. SIRT1/SIRT1shRNA: *, P < 0.05; **, P< 0.01. Control shRNA
vs. PGC-1a shRNA: #, P < 0.05; ##, P < 0.01.

strong reduction of LDLr expression by PGC-1la knockdown
may attempt to normalize cholesterol levels when efflux and
degradation pathways are repressed (Fig. 4F).

Discussion

In response to nutritional challenges, metabolic gene expression
needs to be precisely controlled to maintain glucose and lipid
homeostasis. This control is accomplished by a network of
transcription factors and coactivators, which are responsible for
connecting the hormonal and nutrient signals to transcriptional
regulation of metabolic pathways. In this context, we have found
that SIRT1 has an important role mediating the liver’s metabolic
response to fasting. Hepatic knockdown of SIRT1 severely
abrogates the fasting induction of gluconeogenic and fatty acid
oxidation genes. Moreover, SIRT1 knockdown also reduced
glycemia and serum cholesterol while causing accumulation of
hepatic free fatty acids and cholesterol. We also found that
SIRT1 contributes to the regulation of genes involved in triglyc-
eride metabolism and cholesterol degradation and transport.
Importantly, many of the effects we observed by SIRT1 knock-
down were reversed with SIRT1 overexpression.

The coactivator PGC-1e is part of a transcriptional network
that is involved in adaptation to nutrient stresses, through
regulation of gluconeogenic and fatty acid B-oxidation gene
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expression (25, 39). We have previously shown that PGC-1a’s
ability to induce gluconeogenesis is largely regulated by acety-
lation (28, 40). Here, we extend these results by showing that in
vivo knockdown and overexpression of SIRT1 is sufficient to
alter endogenous acetylation of PGC-1a. We find that in the
fasted liver the acetylation state of PGC-1« strongly correlates
with repression/induction of gluconeogenic genes. Importantly,
we show that when PGC-la levels are reduced by shRNA
knockdown, SIRT1 overexpression no longer reduces glucose
tolerance or up-regulates gluconeogenic genes, suggesting that
SIRT1 requires PGC-1a for these effects. Conversely, it seems
that to a large extent that PGC-1a requires SIRT1 to stimulate
glucose production. SIRT1 knockdown reduces the effect of
PGC-1a overexpression in a PTT and on gluconeogenic gene
expression. Moreover, the stimulatory effect of SIRT1 on
PGC-1a is most likely mediated through deacetylation, as dem-
onstrated by the greater induction of gluconeogenic genes and
hyperglycemia caused by overexpression of the R13 PGC-la
acetylation mutant. These data combined suggest that the fasting
induction, interaction, and deacetylation of PGC-1a by SIRT1
are an important regulatory component in the fasting induction
of gluconeogenesis.

Oxidation of fatty acids and triglyceride synthesis are also
important components of the liver’s metabolic response to
fasting and are activated by PGC-1« (19, 41). Consistent with
SIRT1 activating PGC-1a upon fasting, expression of fatty acid
oxidation and triglyceride genes were effected by SIRT1 knock-
down and overexpression. Importantly, these changes in gene
expression were also dependent on PGC-la. These results
further extend the role of SIRT1-PGC-1« to lipid metabolism in
the fasted liver to control expression of key genes. One unex-
pected and new finding in our studies is the effect of SIRT1 on
cholesterol metabolism and transport, an effect that seems to be
independent of the fasting response. Intriguingly, whereas
SIRT1 effects on systemic and hepatic cholesterol were PGC-1a
independent, expression of genes that control cholesterol levels
such as SR-B1 and Cyp7Al required PGC-la. A plausible
explanation might involve compensatory mechanisms, such as
decreased LDRr expression by SIRT1 and PGC-1a« knockdown.
Taken together, our results indicate that, although cholesterol
levels are not dependent on PGC-1la, some of the effects on
cholesterol metabolic gene expression require PGC-1a. It would
be interesting to identify other factors that mediate the effects
of SIRT1 in the liver and the extent to which PGC-1« is required
for their activity.

We have previously reported induction of SIRT1 activity and
protein in response to fasting in mouse liver and muscle and the
role of pyruvate as an important nutrient signal in liver cells.
Ablation of SIRT1 in cultured cells renders them unresponsive
to nutrient fasting signals (28, 42). The fact that in vivo knock-
down and overexpression of SIRT1 in liver had the most
significant effect in the fasted state is consistent with our
observations in vitro. This data provides evidence to suggest that
SIRT1 is a nutrient sensor regulating metabolic pathways
through deacetylation of PGC-1« and other targets. However,
the specific nutrient and/or hormonal inputs that regulate SIRT1
are unknown at this time. SIRT1 may be able to respond to a
broad range of signals through metabolic flux and NAD*/
NADH ratios. Interestingly, this biological function is consistent
with the hypothesized role of SIRT1 homologs in calorie restric-
tion observed in other species (43). Taken together, our results
indicate that SIRT1 plays a key role in coordinating metabolic
responses to calorie restriction/nutrient deprivation. Using an in
vivo model, we find that SIRT1 is required for the maintenance
of glucose and lipid homeostasis in the liver.
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Methods

Animal Experiments. All animal experiments conformed to pro-
tocols approved by animal care and use committees at the Johns
Hopkins School of Medicine and the Dana-Farber Cancer
Institute. Experiments were performed in 6- to 8-week-old male
BALB/c mice purchased from Harlan Laboratories (Indianap-
olis, IN). Adenovirus infections were performed by tail vein
injection with 1 X 10° infectious particles per mouse (1.5 X 10°
for double infections). Mice were killed 7-9 days after trans-
duction. For detailed methods, see SI Methods.

GTT, ITT, and PTTs. For the GTT, after a 5-h fast, mice received an
i.p. injection of 2 g/kg dextrose (Sigma, St. Louis, MO) dissolved
in PBS. For the ITT, after a 5-h fast, mice received an i.p.
injection of 0.6 unit/kg insulin (Sigma) in PBS. For the PTT,
after an 18-h fast, mice received an i.p. injection of 2 g/kg sodium
pyruvate (Sigma) dissolved in PBS. Blood glucose concentra-
tions were measure via tail bleed before and at times indicated
after injection. All glucose measurements were made using an
Ascenscia Elite XL glucometer (Bayer, Wuppertal, Germany).

Metabolite Measurements. Serum true triglycerides and liver total
triglycerides were measured using a colorimetric assay (TR0100;
Sigma). Serum and liver free fatty acids (nonesterified fatty
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acids) were measured using the NEFA C kit (Wako, Osaka,
Japan). Total serum and liver cholesterol was measured using
cholesterol reagent (Pointe Scientific, Canton, MI). For detailed
methods, see SI Methods.

For more information about PGC-la acetylation, see SI
Appendices 1 and 2.

Quantitative Real-Time PCR. All gene expression was measured by
quantitative real-time PCR. Expression was determined by
ACrversus control 36B4. Primer sequences are available upon
request.

Statistical Analysis. All data presented is the average * SEM,
unless indicated otherwise. Significance was determined using
two-tailed unpaired Student’s ¢ test. * denotes P < 0.05, and
denotes P < 0.01.
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